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Breakthrough —
Neutrinos have nonzero masses!

Leptons mix!




There 1s some spectrum of 3 or more neutrino mass
eigenstates v.:

(Mass)?

Mass (V;) = m,




Mixing means that in —

The charged lepton of flavor a.
f(; (EeE e,qu uw frE T)

W+ u*

ol

Vi

a given /,* can be accompanied by any v..

The neutrino state emitted together with /_* is

vy >= E > vi >
L The neutrino of flavor a.

U i1s the Leptonic Mixing Matrix. U is unitary.




Each mass eigenstate 1s a superposition of

flavors:
‘Vi >—= ZU(ML‘V@ >
(@7

The flavor-o fraction of v, 1S —

< Vo |V >\2 — \UM-\Q




The Evidence for Neutrino Mass:

Neutrino Flavor Change




Neutrino Flavor Change (Oscillation)

. Approach of
18 VaC uum B.K.pcl?Oz Stodolsky
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Amp [Voc_wﬁ] = ZUai* Prop(\/i)Uﬁi
What 1s Propagator (vi) = Prop(vi)?

In the Vi rest frame, where the proper time 1s T,

0
aTi

0 vi(13) >=m;|vi(1;) >

Thus,

Vi (1) >= e VM

VZ(O) >
Then, the amplitude for propagation for time T,
1S —

Prop(v;) =< v;(0)|v;(13) >= e "™iTi




In the laboratory frame —

< Time t

N

Distance L

The experimenter chooses L and t.

They are common to all components of the
beam.

For each 1 by Lorentz invariance,




Neutrino sources are ~ constant 1in time.

Averaged over time, the

o ll1t _ o-1kat interference

1S —

t

unless E2 = E1

Only neutrino mass eigenstates with a common
energy K are coherent. (Stodolsky)
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For each mass eigenstate ,

2
E2 — m?2 1
\/ i T 2F

3

IIZ

Then the phase 1n the V: propagator exp[-im T ]
1S —

mt. = Eit —piL =FEt - (F - mi2/2E)L

=E(t-L)+m7L/2E .
H,.J

Irrelevant overall phase )
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Probability for Neutrino Oscillation
In Vacuum

P(ve — vg) = |[Amp(ve — vp)]* =

= 0ap =4 ) R(ULUpiUa;Uj;) sin®(Ami; )
1>]

L
+2 ) S(U5UpilagUp;) sin(Ami —)
1>]

2 _ 2 2
where Am7; = m; —m;
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For Antineutrinos —

P = 75) = Plvg = va) =" Plva = 5 U = U)

Thus,

P(va — vg) =

* * ] L
= bap —4)  R(ULUp:Ua;Ug;) sin®(Am, 15
i>]

+2 Y S(U2UsiUa;Us;) sin(Am?, ﬁ)
1>

A complex U would lead to the CP violation
P(7s — 75) # P(va — v3) - M
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— Comments —

1. If all m. = 0, so that all Amij2 =0,

(—) (—

)
P (vo—vp) = 8y
Flavor change = v Mass
2. If there 1s no mixing,
W W
but
talways same v,

— —) —)
= UO(lUB#O(,l — O, so that P (VOL — x/[‘))) == 6(1[3

Flavor change = Mixing
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3. One can detect (v, — VB) In two ways:
See VB In a v, beam (Appearance)

See some of known v, flux disappear (Disappearance)

4. Including 7 and c

L L(km)
Am? — = 1.27TAm?*(eV*?
vy TAm(eV >E(Ge\/)
sin®[1.27Am?*(eV)? L(kem) | becomes appreciable when
' E(GeV)

1ts argument reaches O(1).

An experiment with given L/E is sensitive to

Am?(eV?) < EL((?Q;)
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5. Flavor change 1n vacuum oscillates with L/E.
Hence the name “neutrino oscillation”. {The
L/E 1s from the proper time <.}

6. P ((\_/; — (\7[)3) depends only on squared-mass

splittings. Oscillation experiments cannot

tell us

(mass)?2

A

Vo
7 YAmg,

v

<
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7. Neutrino flavor change does not change the
total flux 1n a beam.

It just redistributes it among the flavors.

All 8

active

¢V€ + ¢VM + ¢V7- < ¢Original
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8. Assuming all coherent v. i1n a beam have a

common momentum p, rather than a common
energy K, 1s a harmless error.

. . —) (—)
This assumption leads to the same P(\/a — vﬁ).
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When Only Two Neutrinos Count

This 1s frequently the case.

V2 f
Am?
W |
V1 V2
Ve cosf sind vV, =11 cos +vosinf
U = . ; .
v, | —sinf cosf v, = v1(—sinf) 4+ vy cos

Mixing angle

(—) (—)

L(k
P(v, + v,) = sin® 20 sin*[1.27Am?(eV?) (em)

E(GeV)]

Pl — T) = 1= - :
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Neutrino Flavor Change in Matter

Detector
T —
= —7’{ ——

f”: == Coherent forward scattering
= — - from ambient matter can have
A ———— — —- a big effect.

tell| ges !'r' _______
.j_ _______
] Interaction
Interaction Potential Energy
e Ve
W

" e
L #elvol

v':l: L it 2
o Vz = _iGFNn

Z 2
Ve, e,p,n
L #n/vol
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Neutrino propagation in matter is conveniently
treated via a Schrodinger Equation:

.0
zau(t) = Hv(t)

To 1llustrate, we describe the case —

When Only Two Neutrinos Count

Ve VM
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In Vacuum:

< ol Hvp >=< Y Uzl H| S Uty >= 3 UasUsy /92 + m
1 J J

Momentum of the beam j

In flavor change, only relative phases, hence
relative energies, matter.

-. In H, any multiple of the Identity Matrix I
may be omitted.
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In Vacuum

V2 *
Am?
v Y
Vi \)
Ve cosf sinb V. =11 cosf +vosinf
U = . ; .
v, | —sinf cosf v, =v1(—sinf) 4+ vy cos

It follows that, omitting a piece « I,

B Am? [ —cos20 sin20
o sin 20 cos 20

With Schrodinger’s Equation, this gives the usual P(v, — VM).
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The eigenvalues of Hy;, , are —

With ¢ = cos 0, s = s1in 0,

Plve —v,) =

= sin® 20 sin*(Am* —)
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In Matter
Vel g’u " 1%

0 0 VM+VZ

HM — HVaC + VW [

e Uy
1 0 |ve
0 1 |v,

— p—

« I, so drop

e \—

I

HM — HVac + — 0 —1 9 0 1

2

o Am? [ —(cos20 — z) sin 26
M= g sin 20 cos 20 — x ’
with = Yw/2 2V2GpN B

Am?2/4E Am?
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The Effective Splitting and Mixing in Matter

If we define —

Am3, = Am? \/Sin2 20 4 (cos 20 — x)?

and 5
sin”“ 260

sin® 20 + (cos 20 — x)2

)

SiIl2 2(9M —

then

Am3, [ —cos20y  sin26yy
Hy = .
4F sin 205, cos 20,

This 1s Hy,. with (Am?, ) — (AmMz, Oyp)-

Thus, AmM2 and 0,; are the effective splitting and mixing

angle in matter.
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Travel Through the Earth

Earth

Accelerator ———— — ——.
f— - »=— Detector

o

The matter density encountered en route is ~ constant.

Thus, H,; 1s position-independent, just like Hy,, .

Therefore, in the earth (but not too deep),

L
Pyr(ve — v,) = sin® 20 SiﬂQ(Am%WE)

In matter

28

28



The Size and Consequence of the Matter Effect

The matter effect depends on —

2v/2GrN.E -
T = X :
Am?

In the earth’s mantle, for IAm2 | = IAmz(atmospheric) |
_ 3 2
= 2.5 X107 eV~ o B

xT|

12GeV

Since VW(;) =-Vx(V), x(v) = -x(V).
Thus AmM2 + AmM2and sin? 20, # sin226M .

The matter effect causes an asymmetry between v and v
oscillation. This must be separated from the genuine €P
asymmetry.
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The MSWV Effect

Since —

. o sin® 26
sin” 20 = —— ,
sin® 20 + (cos 260 — x)?

even a tiny vacuum mixing sin®26 can be amplified into a
near-maximal in-matter mixing sin226M 1f

X = cos 20 .

This 1s the “resonant” version of the —

Mikheyev Smirnov Wolfenstein Effect.
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